This paper investigates the dynamic pricing and supply chain coordination in a decentralized system that consists of one supplier and one manufacturer, in which both the market demand and production yield are stochastic. We show that the centralized expected profit is jointly concave in the production quantity and order quantity when the price is ex-ante selected. We also derive the equilibrium strategies in the decentralized system and prove that the entire profit of supply chain is inevitably lower than that under centralized system. Based on this, we propose a reimbursement contract to coordinate the decentralized supply chain so as to achieve the maximized profit. It is worth mentioning that, under reimbursement contract, the equilibrium production and order quantities are irrelevant to the manufacturer's risk sharing coefficient but are only determined by the supplier's risk sharing coefficient.
Introduction
The intense competition in the semiconductor and electronics industry pushes the manufacturers to make substantial effort to reduce the production cost. For example, many manufacturers (e.g., Dell) may cut down the sales representatives or adopt the direct delivery. On the other hand, since the customer demand is getting more variable and price sensitive (e.g., purchasing laptops), the manufacturer also needs to carefully design the order quantity and pricing dynamically so as to extract more profit from the market.
In recent years, supply chain becomes more vulnerable to the influence from natural disasters, strikes, terrorist attacks, political instability, and other factors. In particular, after US "911" incident supply chain uncertainty and its associated potential losses are becoming much significant [1] . Some studies suggest that the frequency of catastrophic events is increasing year by year, and its harms are gradually rising up. Consequently, supply chain risk management raised attentions from both researchers and practitioners in operations management, for example, the multisourcing [2] [3] [4] [5] , alternative supply sources and backup production options [6] [7] [8] [9] , flexibility [10, 11] , and supplier selection [12] [13] [14] . For a recent review of the supply-risk literature, please see the works by Tang and Abhijeet et al. [15, 16] . Generally, after investigation of 800 companies' disruption cases, Hendricks and Singhal find that the firms which experienced supply glitches suffer from declining operational performance and eroding shareholder value (e.g., the abnormal return on stock of such firms is negative 40% over three years) [17, 18] .
The issue of linking risk assessment with risk mitigation for low-probability but high-consequence events such as disruptions of supplies is discussed by Kleindorfer and Saad. They provide 10 principles for specifying the sources of risk and assessment and mitigation of risk [19] . In addition, supply chains are also vulnerable to high-likelihood, low-impact operational risks that may arise from problems in supply and production process [20] . One common manifestation of this supply risk is random yield, in which the firm receives a random portion of the order placed with a supplier [21] . Though the production is strictly controlled, yield of the components can be uncertain due to the characteristics of process engineering or uncontrolled operations [22, 23] . For example, it is quite common in the LCD manufacturing industry in which the production yield is normally less than 50%. In other words, manufacturers have to face both the random yields and random demand in today's competing environment.
Yano and Lee first give thorough review about single item single stage and multiitem multistage in an assembly system with lot sizing [24] . From then on, many scholars considered different random-yield problems from different aspects, and representatives referred to Gurnani et al. [25, 26] , Gerchak and Wang [27] , Li [28] , Güler [29, 30] , Tomlin [10] , Giri [7] , Tang et al. [31] , and Gurnani et al. [25] explore a centralized assembly system facing random demand and random yield due to production yield losses. They formulate the exact cost functions with target level of finished products to assemble and the order quantity of the components from suppliers as the decision variables. In a multiperiod case, it is found that it might be optimal to order extra components for future use. Also the optimal ordering policy and assembly target level policy are shown to be an order-up-to type [25] . Gerchak and Wang consider coordination in a decentralized assembly systems with random demand. But they do not consider dynamic pricing and random yield [27] . Gurnani and Gerchak propose coordination in a decentralized assembly system with two suppliers and one manufacturer under uncertain component yield and determined demand. They consider that the component suppliers and manufacturer choose their production quantities and order quantities separately based solely on their own profit structure, but the selling price of final product is determined [26] . Based on Gurnani, Güler and Bilgiç and Keskin (2008, 2013) examine a decentralized assembly system with multisuppliers and one manufacturer under uncertain yield and demand. They compare wholesale price, buy-back, revenue share, quantity discount, and quantity flexibility contracts and propose two combined contracts to coordinate the assembly system. They also illustrate that the randomness in the yield does not change the coordination ability of the contracts but affects the values of the contract parameters [29, 30] .
As to the dynamic pricing under random yield, there are few papers related to it. Li studies the joint inventory replenishment and pricing problem for production systems with random demand and yield [28] . Bakal and Akcali consider the effects of recovery yield rate on pricing decisions in reverse supply chains and determine the optimal acquisition price for the end-of-life products [32] . Tomlin and Wang investigate the production, pricing, down conversion, and allocation decisions in a two-class, stochastic-yield coproduction system. They establish that down conversion will not occur if prices are set optimally [10] . Giri considers a single-product single-period inventory model in which the retailer can source from one unreliable supplier with yield uncertainty and the other supplier which is more reliable but expensive [7] . Tang et al. consider a newsvendor problem with random demand and random yields, in which the price decision will be postponed and determined upon recognition of random yield and prior to realizing demand uncertainties [31] .
To the best of our knowledge, most literature under random component yield has focused on centralized system where the price is ex-ante selected [33] [34] [35] [36] [37] . Some have studied establishing properties of the profit function of the chain and found the optimal order quantity but without pricing control [38] . Few have concentrated on dynamic pricing under random yield, but they consider different aspects from ours.
Consider that a manufacturer in a decentralized system faces the two-sided uncertainty: random yield and demand. Since lot sizing with uncertain yields is an important area in production/manufacturing systems [24] , it is necessary to consider a decentralized system with lot sizing and dynamic pricing under both random yield and demand. To address these gaps between practice and the literature, we investigate the interactions among supply uncertainty, dynamic pricing, and supply chain coordination. In particular, we address the following questions.
(1) What are the optimal decisions at an exogenous price in the centralized system in case of uncertain yield and demand? (2) What is the best solution to dynamic pricing in the centralized system? (3) What are the manufacturer and supplier's best decisions in the decentralized system? How do they react to each other? (4) How does the manufacturer in the decentralized system eliminate the uncertainty, achieve supply coordination, and maximize its profit?
To answer these questions, we construct a supply chain that consists of a single supplier and a single manufacturer. In Section 2, we investigate the basic model that is set as our benchmark. Section 3 provides the optimal decentralized decision for the supplier and manufacturer. Section 4 proposes the reimbursement contract to coordinate the supplier and manufacturer in the decentralized system. Section 5 reports the numerical study to illustrate our optimal decision and performance of our useful model. Section 6 concludes the paper with a summary of results.
Model Formulation and Analysis

Model Description.
Consider a two-layer supply chain that contains one manufacturer and one supplier, who are both risk neutral and in purpose of maximizing the profit. The market demand is stochastic and price sensitive. Therefore, we use ( ) ⋅ to denote the demand function, in which ( ) is the function of selling price and is the random variable. Also, for simplicity we assume that ( ) ⋅ is equal to . The manufacturer decides the selling price and also the order quantity of size from the supplier. Given this order quantity , the supplier decides the production quantity . However, since the production yield is also stochastic, the realized production quantity is , wherein is a random variable in [0, 1]. Thus, the final size that will be delivered to the manufacturer is min( , ). The related parameters are denoted as follows.
: manufacturer's unit selling price for the final product, : manufacturer's unit shortage cost for the final product, Discrete Dynamics in Nature and Society 3 : supplier's unit production cost, : supplier's wholesale price, Π , Π , Π : profit of supplier, manufacturer and supply chain, respectively, : mean value of , (⋅), (⋅): probability density function and cumulative density function of , respectively, (⋅), (⋅): probability density function and cumulative density function of , respectively.
Since ( ) is sensitive to the final price, we use dynamic pricing to derive the optimal price. The manufacturer's profit function can be established as
(1)
The first term stands for the sales revenue, and the second term represents the penalty cost when the random demand exceeds the minimum value of random yield and order quantity. The third term is the purchasing cost for the manufacturer.
Similarly, the profit function for the supplier can be formulated as
Note that in (2) the first term stands for sales revenue for the supplier and the second term is production cost.
Combining (1) and (2), we can obtain the profit function of supply chain, where
The basic models formulate a supply chain that is dominated by the manufacturer, in which the manufacturer will maximize supply chain profit and personal own profit under random demand and yield.
Optimal Decision and Dynamic Pricing for Centralized
System. The expected profit for the centralized model is determined by ( , ), in which the selling price of final product is exogenously determined. The expected profit for the centralized system can be rewritten as follows:
We subsequently obtain the optimal ( * , * ), namely,
Proposition 1. The expected profit [Π ( , )] is jointly concave in ( , ).
The optimal order quantity and production quantity are the unique solution to the following two equations:
Proof. Consider the following:
The Hessian matrix is as follows:
See Appendix for details.
Obviously (5) and (6) are solutions to (4), which are facilitated by the concavity of expected profit [Π ( , )]. Based on the observation of (5) and (6), a proposition can be drawn as follows.
Proposition 2. The unique solution to
Note that * = * , and (6) can be rewrite in another form as follows: The algorithm process for dynamic pricing. max , maximized price for a kind of product; Δ, price markup coefficient; [Π * ( , )], optimal expected profit of centralized system at the determined price ; [Π * ( * * , * * )], optimal expected profit of centralized system at the determined price * , while
This is similar to the equation developed by Shih [39] so that the optimal * can be obtained to satisfy (9). As analyzed above, the expected profit [Π ( , )] for the centralized system is jointly concave in ( , ). Since the retail price is exogenously determined, we can derive a different expected profit [Π ( , )] under a different price . In the next part, we will discuss the optimal expected profit [Π ( , )] under the optimal retail price. Therefore, we propose an algorithm to derive the optimal selling price that can maximize the expected profit [Π ( , )].
Step 1. Let Ω = ( ) and = 0.
Step 2. Set = + Δ (Δ is sufficiently small).
Step 3. If ≤ max , get the optimal ( * , * ) according to (5) , and then calculate the expected profit [Π ( , )] according to (4 Step 5. Output the ( * * , * * ) which are corresponding to the optimal * and [Π * ( * * , * * )].
After
Step 5, we can derive the optimal expected profit [Π * ( * * , * * )] and the optimal price * . It also shows that the precision of * can be ensured as long as Δ is sufficiently small. The detailed process is also illustrated in Figure 1 
Decentralized Decision for Manufacturer and Supplier
We then consider the decentralized system. As above mentioned, the manufacturer will adopt an optimal * to maximize his expected profit [Π ( )], and we start from the manufacturer's decision.
The Manufacturer's Decision for Order Quantity. According to (1), the manufacturer's expected profit [Π ( )] under the optimal
* can be explained as follows:
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Then take derivation of [Π ( )] in , whose process is similar to Appendix. Let us assume that [Π ( )]/ = 0; then
Equation (11) is the solution to the manufacturer's expected profit [Π ( )] when the supplier's production quantity is certain.
The Supplier's Decision for Production
Quantity. According to (2), the supplier's expected profit [Π ( )] can be explained as follows:
[Π ( )] is differential in , where
Let us assume that [Π ( )]/ = 0; then
Equation (14) is the solution to maximizing the supplier's expected profit [Π ( )].
Analysis of Nash Equilibrium between Manufacturer and
Supplier. From (11) and (14), we can derive ( , ) so as to derive the following results. Therefore,
We show that Nash equilibrium always exists for concavepayoff-functions games like ours (see Friedman, [40, Theorem 2.4]); the reaction curves will intersect exactly once and hence the Nash equilibrium is unique.
According to Yano and Lee [24] , the expected profit of supply chain under this Nash equilibrium, namely, [Π ( , )], is less than centralized expected profit of supply chain [Π * ( , )]. So it is necessary for the decentralized system to achieve the coordination and obtain the same profit as the centralized system. Later, a mechanism will be proposed for the decentralized system to achieve the same profit as the centralized system.
Reimbursement Contract
As analyzed above, the Nash game between the manufacturer and the supplier in the decentralized system undermines the supply chain's performance, which is caused by the double marginalization. Therefore, to achieve the profit of centralized system, an effective contract should be proposed to coordinate the supplier and the manufacturer in the decentralized system.
Note that there are many contracts which can coordinate supply chain, such as buy-back contract, revenue-sharing contract, quantity discount contract, and sales rebate contract, in which most of them are used by the supplier to encourage the retailers to order more. Therefore, these are not applicable to our case that contains both random yield and demand. In contrast, we propose a new contract to share the risk of random yield and demand and define it as reimbursement contract. That is, if the supplier's random yield exceeds the manufacturer's order quantity, the manufacturer shares its risk and gives reimbursement 1 to the supplier. When the manufacturer's random demand exceeds the order quantity, the supplier share its risk and give reimbursement 2 to the manufacturer. Therefore, 1 and 2 can be defined as
We define as the manufacturer's risk sharing coefficient for the supplier's excessive production, and stands for the supplier's risk sharing coefficient for the manufacturer's excessive random demand. It is obvious to show that < , < . Thus, the extra transfer payment under reimbursement contract is ; then
The expected profit of supplier and manufacturer can be rewritten as follows:
Under this reimbursement contract, the manufacturer will use the optimal price of the centralized supply chain as the selling price, and the supplier will also maximize his expected profit as
Let [Π ]/ = 0, (Π )/ = 0, * * = * * from Proposition 2. Then (19) can be simplified as
Equation (20) is the solution to coordinate the decentralized supply chain and̂should be adjusted to satisfy the previous equation. From (20) , there exists unique * to satisfy the equation. Though (20) does not contain̂,̂is also effective and its value changes the final profit between the supplier and the manufacturer. Under this reimbursement contract, the decentralized supply chain can achieve the performance of centralized supply chain.
Numerical Analysis
In this section, we provide numerical illustrations of optimal lot-sizing, production quantity, and dynamic pricing under different Δ. We assume that random variable of demand obeys the normal distribution with = 1, = 0.25. The random variable of supply has a uniform distribution of yield taking values in (0, 1). Then the demand function can be assumed as ( ) = ⋅ − , while > 1. This means that the demand for the final product is elastic. First we will consider optimal decision and dynamic piecing for centralized system, and then supply coordination will be analyzed.
Dynamic Pricing for Centralized Supply Chain.
According to (4) , (5), and (6), the optimal order quantities, production quantities, and the expected profit of centralized supply chain are depicted in Table 1 for 12 cases under determined price. Table 1 shows under different prices that there exists the optimal order quantity, production quantity, and the expected profit in the centralized supply chain. As shown in the Figure 2 , when price rises up to 5 the profit of centralized supply chain is maximized. One might wonder whether the price 5 is the optimal price for this system. Therefore, we then explore the optimal price for this centralized supply chain by using our algorithm put forward above. The algorithm can be programmed in MATLAB 7. As in this specific case, the optimal expected profit can be calculated, that is the 559.08, and the error deviating from standard expected profit can be estimated.
From Table 2 , when Δ becomes smaller, the error also becomes smaller from the whole view. When Δ = 0.1, the error of the optimal expected profit for centralized system Discrete Dynamics in Nature and Society is 4.34%. As Δ decreases, the error of the optimal expected profit for the centralized system also drops. When Δ = 0.000005, the error of the optimal expected profit drops to 0.0003%, which is fairly small. The result can be drawn that the precision of this algorithm can be ensured as long as Δ are sufficiently small. Therefore the optimal price for this centralized supply chain can be obtained through this algorithm.
Supply Coordination Based on Reimbursement Contract.
As supply chain is dominated by the manufacturer, he will use the optimal price for decentralized supply chain. Suppose that the optimal price is * = 4.85346 (see Table 2 , case 5). Then different coordinated ways and parameters are compared in Table 3 . As illustrated in Table 3 , decentralized supply chain can be coordinated based on reimbursement contract and achieve the same performance as the centralized supply chain. It should be pointed out that (Π ) ≥ (Π ), (Π ) ≥ (Π ). So cases 1 and 8 in Table 3 are not acceptable by the supplier or the manufacturer because under reimbursement contract his profit is less than that under Nash equilibrium. It can be observed that is unique and determined but can be changed. Then the relation between and [Π ], [Π ] can be shown in Figure 3 .
From Figure 3 , has its range to ensure (Π ) ≥ (Π ), (Π ) ≥ (Π ). And this case shows that this contract can coordinate supply chain properly.
Conclusion
In this paper, we study the coordination mechanism in a decentralized system that consists of one manufacturer and one supplier under both random yield and random demand. We consider two scenarios in which the retail price can be either exogenously or endogenously determined. In particular, we propose an algorithm to derive the optimal price in the centralized model. This sets our benchmark to compare the decentralized decisions for the supplier and the manufacturer. Based on this, we finally propose the reimbursement contract to coordinate decentralized supply chain. The major implications in this paper are concluded as follows.
(1) The expected profit [Π ( , )] is jointly concave in ( , ) when the price is exogenously determined. Moreover, the optimal production quantity can be equal to the optimal order quantity when the system is integrated.
(2) There exists a unique Nash equilibrium solution ( , ) for the manufacturer and supplier in the decentralized system between. Thus, double marginalization significantly undermines the channel's efficiency compared to the centralized system.
(3) A reimbursement contract is proposed to perfectly coordinate the channel. In particular, parameterŝ hould be adjusted to coordinate the decentralized 8 Discrete Dynamics in Nature and Society supply chain and there exists unique * . In contrast,ĉ annot coordination channel directly, and it becomes effective and changes the profit ratio between the supplier and manufacturer.
